Damage to the DNA of germ cells can lead to mutation, which may result in birth defects, genetic diseases, and cancer. The very high endogenous rate of oxidative DNA damage and the importance of dietary ascorbic acid (AA) in preventing this damage has prompted an eaition of these factors in human sperm DNA. The oxidized nucleoside 8-hydroxy-2'-deoxyguanosine (8-oxo-7,8-dihydro-2'-deoxyguanosine; oxoIdG), 1 of "20 major products of oxidative damage to DNA, was measured in DNA isolated from human sperm provided by healthy subjects and compared to the seminal fluid A-A levels. This relationship was studied in two groups. In a group of 24 free-living individuals 20-50 years old high levels of oxo'dG were correlated with low seminal plasma AA. The endogenous level of oxodG in this group was 13 fmol per jzg of DNA or "25,000 adducts per sperm cell. The second group of individuals was maintained on a controlled diet that varied only in AA content. When dietary AA was decreased from 250 to 5 mg/day, the seminal fluid AA decreased by half and the level of oxo8dG in sperm DNA increased 91%. Repletion of dietary AA for 28 days (from 5 mg/day to 250 or 60 mg/day) caused a doubling in seminal fluid AA and reduced oxoedG by 36%. These results indicate that dietary AA protects human sperm from endogenous oxidative DNA damage that could affect sperm quality and increase risk of genetic defects, particularly in populations with low AA such as smokers.
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The damage produced by endogenously generated oxygen radicals has been proposed to be a major contributing factor in aging and the many degenerative processes associated with it including cancer, heart disease, and cognitive dysfunction (1) (2) (3) (4) (5) (6) . Under physiological conditions, endogenous oxidants are produced at a high rate, resulting in extensive oxidative damage to proteins, lipids, and DNA (5) (6) (7) (8) . Oxidative damage to DNA, based on the urinary excretion ofDNA adducts, occurs at an estimated rate of 105 hits per cell per day in the rat (8) and 104 hits per cell per day in the human (9) .
Endogenous oxidative damage to germline DNA is likely to lead to heritable mutations and increased incidence of birth defects, genetic diseases, and cancer in offspring. Ionizing radiation, an oxidative mutagen, damages gamete DNA, resulting in mutations that are transmitted to the progeny in experimental animals (10) . Most, but not all, DNA damage is expected to be repaired, and damaged residues that remain may be converted to mutations during the DNA replication that accompanies cell division in spermatogenesis, oogenesis, and embryogenesis. Studies of genetic abnormalities and cancers believed to arise from germline mutations show a higher frequency of paternal than maternal origin (11) , such as the increased frequency of paternal origin of germline mutations in the retinoblastoma gene (12) . This is consistent with the markedly higher number of cell divisions that occur during spermatogenesis (relative to oogenesis), resulting in an increase in the risk for mutation in sperm. Once spermatogenir, cell division is completed, maturation of the spermatid into the spermatozoon involves condensation of the DNA accompanied by the apparent loss of DNA repair activity (13) . Damaged residues remaining in sperm DNA may be delivered to the egg upon fertilization, increasing the possibility of mutations when the egg divides.
The dietary antioxidant ascorbic acid (AA) may play a critical role in protecting male germ cells against oxidative damage. AA is present at a high concentration in seminal fluid compared to blood plasma (400 vs. 60 ,AM), presumably reflecting an important physiological role. In addition, AA is an effective defense against peroxyl radical-induced lipid peroxidation in blood plasma (14, 15) and should prevent oxidative damage to DNA. Thus, the relationship between oxidative damage to sperm DNA that could result in improper sperm function, infertility, and birth defects and seminal fluid AA levels is of great interest. We report in this communication the finding that the level of oxidative damage to human sperm DNA, determined by the measurement of 8-hydroxy-2'-deoxyguanosine (8-oxo-7,8-dihydro-2'-deoxyguanosine; oxo8dG), is inversely related to seminal plasma AA levels. The baseline values for oxo8dG reported in Table 1 (analysis b) are higher than expected. This group of samples was analyzed twice: the first analysis (a) was performed immediately after collection, resulting in a mean value of 13.2 fmol of oxo8dG per Ag of DNA; the second analysis (b) was performed together with the remainder of the samples that make up Table 1 , resulting in a mean of 34.0 fmol of oxo8dG per Ag of DNA. We attribute this difference to a defective standard used for the second set of measurements, which was used up in the analysis along with the the samples. We conclude that it is appropriate to compare the values in Table  1 with each other, but that a best estimate of the absolute baseline value is 13.2 fmol of oxo8dG per ,ug of DNA, which is also comparable to the results in experiments A and B.
MATERIALS AND METHODS

DISCUSSION
We report in the present study that endogenous levels of oxidative damage to human sperm DNA is extensive. Since oxo8dG is 1 of -"20 major oxidative DNA damage products (19), we multiply the level ofthis adduct by 20 to approximate the total oxidative adducts. The level of oxo8dG in sperm DNA (13 fmol per pug of DNA) corresponds to 2.1 oxo8dG per 105 dG or -=2.5 x 104 oxo8dG per sperm cell and an estimated total of --5 x 105 oxidative adducts per spermatozoon.
The relationship between high oxo8dG in DNA and low AA in seminal plasma from the sperm of both free-living (experiment B) and metabolic unit individuals (experiment C) suggests strongly a protective role of AA against oxidative DNA damage. Although the DNA damage observed in sperm occurs before it has been mixed with seminal fluid, the level of AA presumably reflects its level in seminiferous tubules. In addition, the seminal fluid AA would protect the sperm until fertilization. Thus, the very high level of AA that is dependent on diet plays a critical role in protecting the genome. It seems likely that heritable mutations, genetic birth defects, and cancer will be found to be associated with the high levels ofoxidative DNA damage in sperm cells under conditions of low dietary AA. The risk for mutations arising from oxidative DNA adducts in sperm is likely to occur during periods of DNA replication: (i) adducts in the mature sperm can give rise to mutation on division of the zygote, and (ii) observed adducts in sperm are indirect evidence that adducts are also formed during spermatogenesis, increasing the probability of mutations in the sperm. Mutations that occur during DNA replication or during unscheduled DNA synthesis could increase the incidence of genetic defects or cancer in the progeny. Oxidative damage that leads to mutation during the early stages of spermatogenesis could result in clonal expansion of a genetically defective sperm population. DNA repair activities are important in all stages of spermatogenesis prior to nuclear condensation (20) . (The DNA is not decondensed until pronuclei formation after fertilization.) When the chromatin is condensed, DNA damage induced by endogenous or exogenous sources will accumulate in the absence of DNA repair activity. Oxidative damage to sperm DNA is not always associated with decreased cell viability or motility, so that some sperm containing mutations that arise during spermatogenesis can effectively reach the ova. Ova-derived DNA repair enzymes can efficiently, but not perfectly, repair this damage (13) . Damaged bases that are not repaired during fertilization could cause mutations in subsequent cell divisions during embryogenesis.
Germline mutations in genes relevant to certain human cancers occur at a higher rate in sperm than in oocytes. It has been estimated- (11) that 380 mitotic divisions occur during sperm development, compared to only 23 mitotic divisions for the oocyte. The greater number of mitotic cycles needed for sperm development may explain the much higher mutation rate ofthe paternal vs. the maternal retinoblastoma allele (12) . The prevalence of the defective allele being derived from a paternal germline mutation in hereditary retinoblastoma reinforces the notion that extensive mitogenesis, which accompanies spermatogenesis, is a risk factor for paternally inherited cancers and genetic defects.
The protective role of AA may be critical to those populations at high risk for oxidative damage. For example, the marked decrease in blood plasma AA observed in male smokers (21) , due presumably to the very high levels of oxidants in cigarette smoke (22, 23) , appears to be associated with an increased incidence of leukemia and lymphoma in their offspring (24) . Although the cigarette smoke mutagens responsible for these cancers are not known, increased oxidative damage to sperm DNA, that may result from low AA and increased cigarette-derived oxidants, could play an important role in the development of these cancers.
The importance of AA in protecting against lipid oxidation in human blood plasma has been well documented (14, 15) and the high concentrations of AA present in semen (25) may play a key role in protecting the easily oxidized sperm lipids (26) from oxidation reactions that would abolish sperm motility and viability. A recent study indicated that dietary AA supplementation improves fertility and sperm quality in male smokers suffering from excessive sperm agglutination and from poor sperm motility and morphology (27) . Thus, AA complements the sperm antioxidant defense enzymes superoxide dismutase (28) , glutathione peroxidase (29) , and catalase (30) that are required for optimal sperm motility. In experiments B (see Results) and C (31), low AA was associated with increased DNA damage even though no effect on sperm quality was observed. In experiment C, it was found that (3-carotene levels were generally decreased (32) . A low level of p-carotene could in part contribute to the oxidative damage observed. The presence and distribution ofother water-and lipid-soluble dietary antioxidants in seminal fluid and spermatozoa is not well characterized, though deficiency of vitamin E has been associated with infertility and decreased sperm motility in rodents (33) .
The protective effect of dietary ascorbate on oxidative DNA damage is not inconsistent with the prooxidant role of AA in ferrous ion-catalyzed oxidation reactions that are used to initiate lipid peroxidation-dependent sperm-oocyte fusion in situ (34) . Seminal plasma iron and copper appear to be bound and unavailable to participate in such prooxidant reactions since oxidative damage is lowered, not enhanced, in the presence of diet-induced increases in seminal plasma AA. Furthermore, incubation of semen with 60-1400 ,uM AA, as described in experiment B, did not result in an increase in oxo8dG as would be expected if transition metals were available to catalyze this oxidation reaction.
The effect of AA in reducing the level of oxo8dG in DNA supports the hypothesis that adequate antioxidant protection is essential to maintain the genetic integrity of sperm cells and to minimize the risks of mutations in germ cells that may lead to birth defects, genetic disease, and/or cancer. Sperm adduct analysis is a noninvasive means to evaluate the genetic toxicity of endogenous and exogenous compounds, and in this regard the measurement of the oxo8dG level in sperm DNA may help in understanding optimum antioxidant intakes.
